Summary. An observed seismic profile running from 0 to 80 km is modelled synthetically to determine the fine structure of a complete oceanic crustal section and to more fully understand the propagational effects involved. The synthetic seismograms are generated using generalized ray theory assuming a point source explosion in a horizontally layered Earth.
Introduction
Considerable effort has gone into interpreting seismic profiles as a result of recent advances in numerical modelling. Two popular methods used are based on the reflectivity method developed by Fuchs (1970) and generalized ray theory as discussed by Helmberger (1968) . Continental crustal and upper mantle models for many regions of the Earth are in the literature (e.g. Berry Langston & Helmberger 1974; Simpson, Mereu & King 1974; Hirn et al. 1973; Helmberger & Wiggins 1971; Helmberger & Engen 1974; Wiggins & Helmberger 1973 ). These methods have not been used routinely in oceanic data interpretation largely because of the equally if not more important advances in the engineering development of the airgun profiler which essentially processes the data by mechanical means. The latter method has proven to be extremely useful in mapping sub-bottom structure although details involving velocities and thicknesses are not particularly apparent. In this paper we will examine one conventional profile of seismograms starting at vertical incidences or small ranges and running out to 80km. We will attempt to explain the considerable complications of these seismograms as propagational effects produced by horizontal layering. The region chosen for this investigation is located in the Bering Sea and has been 82 D. V. Helmberger studied earlier in a preliminary report by Helmberger (1968) . We will be primarily concerned with the sharpness of the sub-bottom, crustal velocity gradients and crust-mantle transition.
The general technique consists of first obtaining a simple layered model that fits the travel times of observed pulses. Next, one computes synthetic seismograms for such models for comparison with those observed. Adjustments are then made by trial and error until most of the salient features are matched.
Results
The geological setting and travel-time considerations have been discussed extensively in Shor (1964) and will not be duplicated here except to display possible models based on first arrival times, routine travel-time method, labelled RTTl and RTT2 in Fig. 1 . We have also included a model GRT, generalized ray theory, which predicts the best fitting synthetics found in this study. We will first discuss the comparisons at the shortest ranges which are controlled by the sub-bottom structure and then move progressively to the larger ranges and corresponding deeper structures. A discussion of the other two models as well as uniqueness will be examined in the next section.
The comparison of synthetics with observations for the first 10 km is displayed in Fig. 2 . .,. ' Step responses and synthetics based on the model GRT presented in Fig. 1 with the detailed parameters given in Table 1 . The amplitudes are normalized to the top trace for both synthetics and observations.
physical insight into the propagational properties of the arrivals. Examining the step response at A = 2.5 one observes first a step reflection from the ocean bottom followed by a series of small steps marking the reflections from the finely layered sub-bottom. As A increases these reflections become more powerful as they reach critical angles and merge forming a caustic. The details of how these responses are computed are given in Helmberger (1968) with various applications to a layered sub-bottom by Spudich (1975). The amplitudes are normalized to the top trace with the natural decay of the bottom reflection with range. We have made little effort in fitting the waveshape of the sub-bottom pulse but concentrated our efforts in matching the separation in time between the bottom and subbottom arrivals and producing the proper amplitude buildup which appears near 5 km. It should be noted that we neglected the thin layers of turbidites that are known to exist in the first few hundred metres of sediment. Their existence can be readily seen on the highfrequency channels of the seismograms. To include these very high frequencies requires an excessively high theoretical sampling rate; thus we neglected these layers in this study although they play an important role at ranges beyond lOkm where critical angles can be reached (see Spudich 1975). However, these thin high-velocity layers are only important at the higher frequencies as discussed by Mellman & Helmberger (1974); that is at wavelengths comparable to their thicknesses. The situation beyond 10 km becomes increasingly complicated as the bottom and sub-bottom pulses merge. In general, the highest frequency turns around at the top of the sedimentary column while the lowest frequency is refracted back at the sub-bottom boundary. The situation is further complicated by the emergence of the crustal headwave and direct water wave which cross each other as displayed in Fig. 3 . This section of seismograms is particularly' difficult to model since the response reflected by the transition zone at the depth of 8 km does not appear to be coherent. That is, the waveshape varies rapidly for s m d changes in range with a rather complicated series of pulses; such an effect could be easily caused by an irregular boundary producing multipathing. We used only the travel times and apparent velocities of these arrivals in the model determination and therefore this transition zone is not well constrained.
On the other hand, the crustal headwave is remarkably coherent and easily modelled with a reasonably strong velocity gradient required for amplitude considerations. Comparisons with synthetics are given in Fig. 4 where the Moho response begins to develop near 30km. As the range increases this response grows and merges with the crustal arrival near 40km. The sharpness of the Moho transition controls the rapidity of this buildup in precisely the way the sub-bottom responses developed earlier. We will return to the uniqueness of this fit later.
At still greater ranges the mantle headwave emerges as displayed in Fig. 5 . In general, the fit is quite good with the exception of the recording near 50 km. Some of these matches are extremely good as can be seen by overlay. The amplitudes of the various arrivals based on the synthetics generated from the model GRT are plotted in Fig. 6 . These amplitudes are normalized to the ocean bottom reflection at A = 2.5 km assuming a 20-pound transfer function at all ranges. The synthetics can be compared directly with the observations at the nearer ranges (Fig. 2) since the various traces are all on the same amplitude scale. At the larger ranges, the comparison becomes more difficult since many different charge sizes were used as well as numerous changes in filter settings which were made to enhance the signals at the larger ranges. Rough corrections can be made by assuming the standard source depths and scaling laws based on charge size (Helmberger 1968) . The corrected amplitudes are plotted as dots for the stations greater than 20 km. In general, the amplitudes scatter about a factor of two which is probably about the accuracy in predicting a given source. The only amplitude that is noticeably low is A = 32 km which appears to be a weak shot in that the entire record is weak including the water waves. About the only conclusions one can draw from the amplitude data is that the signals are decaying more like direct waves than headwaves and there appears to be a definite enhancement near 40 km. This feature supports the strong correlation of waveshapes in Fig. 4 in that the critical distance occurs near 40km. Based on this result one would expect to see a strong enhancement of the first multiple reflection near 80 km. In fact, this pulse is observed to be the strongest arrival on the entire record at the most distant station, excluding the water waves. This phase is also apparent at A = 70.2 km but becomes difficult to identify at shorter ranges. This phenomenon is similar to the behaviour of PP near 40' as discussed by Helmberger (1973) , in that a transition zone at depth produces a strong enhancement of multiples near critical distances. Thus one would expect to see multiple Moho reflections at large distances in the oceans in the same way that PP is strong at 40°, PPP at 6 0 ' , PPPPat 80°, etc., as discussed by Gutenberg & Richter (1935) .
Discussion
We will now return to the uniqueness of models as well as some general considerations of deep crustal arrivals. The problem of uniqueness is always difficult to assess without some direct inversion formalism which is presently being developed. But in a more intuitive fashion one can perform some hypothesis testing, for instance the model RTTl of Fig. 1 was derived exclusively using first arrivals whereas RTT2 used the supercritical angle Moho reflections as an extension of the crustal headwave. The travel time for such a reflected pulse is nearly that of the refracted arrival along the top of a homogeneous oceanic layer at large ranges. However, the apparent velocity of the crustal headwave of Fig. 4 is considerably slower than the Moho reflection as can be seen in Fig. 5 . These apparent velocities are about 6.6 and 7 km s-l respectively. The oceanic crustal velocity of 6.8 km s-' (see RTT2 of Fig. 1 ) is just the average as determined by. the least-squares technique used in the model determination. Thus, the velocity gradient in the crust can be established by travel-time considerations alone. Another type of model testing can be performed by the goodness of fit between synthetics and observations. We will perform such a test on the thickness of the crust-mantle transition zone since this feature is important from a tectonic point of view. The most sensitive range to investigate for such a parameter is the buildup in amplitude approaching critical angle since at larger ranges the synthetics have been shown to be not particularly sensitive (Helmberger 1968) . The model GRT given in Fig. 1 has a 2-km transition starting at a velocity of 7kms-' and ending at 8.3 lung'. Suppose we alter this transition to 1.5 and 2.5 km maintaining the same velocities but changing the thicknesses of the transitional layers. The resulting step responses and synthetics are compared with the observations in Figs 7 and 8. After examining these results it becomes evident that the Moho response is too strong for the 1.5-km transition and slightly weak for the 2.5-km case. Furthermore, the transition must be relatively smooth otherwise the triplication would extend to smaller ranges; that is there appears to be little sign of the Moho response at ranges less than 30 km.
An Aleutian crustal section
Thus, we conclude that the Moho transition is best approximated by a 2-km linear transition. To obtain still finer details of this transition zone would require broad-band observa- (1971) who claim that the basal layer is several kdometres thick and further suggest that it is the thickest layer in the oceanic crust. From the velocity contrasts involved one would expect the largest supercritical angle reflection to be associated with the bottom of this supposed basal layer which we will refer to as RE (Woollard 1975) for an average oceanic crust containing a basal layer. This result suggests that the apparent velocities of RE would be greater than 7 km s-' which, in general, is too high (Tulina et al. 1975; Helmberger &Morris 1969) . In fact, many of the 6.8-km P' velocities determined by Shor et al. (1970) include the RE arrival as the extension of the oceanic refracted first arrival as mentioned earlier. For the above reasons we suggest that the so-called 'basal layer' is not very thick compared to the oceanic layer and that the arrivals as noted by Maynard (1970) are produced by a rough transitional zone between the oceanic layer and the mantle although in some regions this zone may be quite thick as discussed by Helmberger (1968).
In conclusion, it appears that the usual parameterization used in oceanic exploration in terms of a few layers, while being quite useful for comparative purposes, does not prove useful in modelling waveforms or amplitudes. In fact, a relatively large number of layers are required to explain the gradual onsets of the sub-bottom and Moho responses as well as the amplitude enhancement of the so-called 'crustal headwave'. The seismic profile studied in this paper is obviously unusual in its simplicity but many other such profiles exist in the normal ocean. We suggest that these observations be modelled in detail and that such transparent sections of the crust be used as windows in deeper seismic probing of the lithosphere.
